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SIZING CANTED FLAWS IN WELDMENTS USING LOW-FREQUENCY EMATS* 
ABSTRACT 
Raymond E. Schramm and Thomas A. Siewert 
Fracture and Deformation Division 
National Bureau of Standards 
Boulder, CO 80303 
Techniques for detecting and sizing flaws with electromagnetic-acous-
tic transducers (EMATs), previously used successfully for normal planar 
flaws, were applied to canted flaws in steel plates. Cbmparisons were made 
between metallographic and ultrasonic measurements on specially prepared 
welds. Results indicated a high probability of detecting canted flaws 
(> 0.5-mm deep) with EMATs. The EMAT sizing was highly repeatable and, for 
the most part, very accurate. Some, as yet unexplained, inaccuracies did 
show up, however, in some weld sections. There is a possibility that the 
calibration curve may be more complex for canted flaws ~han for normal 
flaws. 
INTRODUCTION 
Electromagnetic-acoustic transducers (EMATs), which generate shear 
horizontal (SH) waves that interact with planar flaws in steel plates, have 
been used successfully to detect and size normal flaws. They are capable 
of accurately sizing flaws oriented normal to the plate surface (flaws as 
deep as 12 mm in a 16-mm plate) [1]. 
This study was undertaken to determine the applicability of EMATs to 
detecting and sizing canted flaws, such as incomplete fusion at the beveled 
edges of welds. Canted flaws, oriented other than normal to the surface, 
present a greater challenge than normal flaws. They cause a smaller 
disturbance in the plate wave transmission, which is more sensitive to 
orientation and depth through the plate [2]. 
Optimum sensitivity, dependent on proper transducer configuration and 
spacing, is required for flaw characterization and s1z1ng. The distribu-
tion of signal power among the allowed plate modes is more important for 
canted flaws than for planar flaws. Variations in signal amplitude due to 
placement, however, are less pronounced than in methods using conventional 
piezoelectric transducers. 
*Contribution of the National Bureau of Standards; not subject to copyright 
in the United States. 
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TRANSDUCERS 
The EMATs contained 16 equally spaced pairs of permanent magnets and 
generated SH waves at 454kHz [3]. As in the previous study [1], we used a 
total of three transducers, a transmitter and two receivers; this system 
(shown in Fig. 1) enabled us to measure the signals back-scattered from the 
flaw region as well as those transmitted through it. Since the energy 
propagates as discrete plate modes that interfere and generate complex 
signal shapes [4], the spacing between transducers and flaw was chosen to 
obtain the simplest signal envelope with the greatest amplitude. 
CALIBRATION 
To examine the ultrasonic signals from known, simple flaws, we cut 
slots of different depths in six 16-mm-thick A516 steel plates. The slots 
were canted at 30° from the normal, a common bevel angle for weld surfaces 
and so a likely angle for inadequate fusion flaws. Each of the six plates 
was scanned three separate times to determine measurement repeatability. 
Although the transducers were linked together to maintain constant spacing 
and orientation among them, hand placement of this assembly on the plates 
meant there were minor variations in the position and angle of the assembly 
with respect to the flaw. The repeated placements and measurements indi-
cated the sensitivity to these position changes. The sizing parameter was 
the ratio of the amplitudes of the back-scattered and transmitted flaw 
signals. 
) 
Fig. 1 
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Experimental arrangement of EMATs relative to the canted flaw. 
T = transmitter, R1 = receiver for back-scatter from flaw region, 
R2 = receiver for signal transmitted through the flaw region. 
A = B = 85 mm, C = 100 mm. The plate thickness was 16 mm and the 
flaw was canted at 30° from the normal. The sizing parameter was 
the ratio of the signal amplitudes from R1 and R2. 
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Calibration curve for canted flaws obtained from a series of 
sawcut plates. Each measurement was repeated three separated 
times. The dashed line is. a second degree least-squares fit and 
was used to calculate the data in Figs. 4a and 4b. 
The calibration curve in Fig. 2 is a plot of these signal amplitude 
ratios as a function of slot depth. Depth here is the projection of the 
slot penetration on the plate normal. Initial examination of this plot 
indicates that our sizing parameter is monotonic with flaw depth for at 
least a considerable fraction of plate thickness. As a first approxima-
tion, the dashed line through the data is a least-squares fit to a 
second-degree polynomials. The exact shape of the calibration curve may be 
considerably more complex, as discussed below. 
FLAW PREPARATION AND MEASUREMENT 
Initial tests have been completed on two A516 welds that joined two 
plates, which were approximately 30 em x 50 em x 16 mm. Th"e 30-cm edges 
were prepared so that when they were placed together, they formed a double 
V with 30° faces, as shown in Fig. 3. The welding in the top V was done by 
the gas metal arc process; the bottom V remained open and formed the flaw. 
The ratios of the depths of A and B (Fig. 3) were different in the two 
specimens to simulate two flaw depths. 
Measurements were made along the length of the weld by moving the 
transducers in 1-cm increments and recording the signal amplitudes. As 
with the calibration plate~, we made three independent ~can~ of the weld. 
To avoid variations due to starting and stopping of the weld pass and 
possible reflections from the specimen edges, we did not scan the first and 
last 5 or 6 em of the weld. After the ultrasonic tests, the weld was 
removed, sectioned at several locations and polished for metallographic 
examination. 
1733 
Fig, 3 
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Cross section of the weld flaw plates. The top V, A, was welded 
while the bottom V, B, remained open. The weld length was 30 em. 
Plate thickness was 16 mm. The depths of A and B were varied for 
the two specimens. 
RESULTS AND DISCUSSION 
The weld specimen test results are shown in Figs. 4a and 4b. EMAT 
signal amplitudes were converted to flaw sizes with the calibration curve 
in Fig. 2. The repeatability of the three EMAT measurements was very good. 
In Fig. 4a, the spread is generally 1 mm or less, approximately 20% of the 
flaw depth. 
The metallographic results indicate less than 1-mm variation in depth 
of the flaws along the entire .length of the weld. Virtually all of this 
depth was due to the unwelded V (Bin Fig, 3), but there was also a very 
small amount of branching at the root of the weld deposit due to inadequate 
fusion. There was no dropthrough in the welds. 
Agreement between the EMAT and metallographic values is quite good for 
the final two-thirds of each plate. In both instances, however, there is 
an obvious problem in the first third. In Fig. 4a, the EMAT measurements 
take a very steep rise toward the beginning of the plate, whereas in 
Fig. 4b they drop to a low plateau. The metallographic examination indi-
cates that these results are invalid. Since the size and configuration of 
both weld and flaw were consistent along their entire length, there is no 
reason for the interaction with the various plate modes to change. In 
addition, the SH2 mode is dominant for these transducers, and its wave 
front propagates at just over 60° from the normal [4]. Combined with the 
30° cant of the flaw, this means that it is almost normal to the flaw face 
and should interact strongly and simply. Currently we have no explanation 
for these divergences, but it may lie in the calibration curve. 
The present fitted curve bears a marked similarity to the calibration 
curve for normal flawa of our previous study, in which EMATs with only four 
pairs of magnets were used [1]. There is large-scale agreement of these 
1734 
Fig. 4 
16 
E 12 
E 
~ 
1-Q. 
w 8 
Q 0 
~ 
_J 
u. 4 
06 
I • 
12 
• Q 
0 Metallographic Exam 
EMAT Results 
18 
WELD POSITION, em 
(b) 
24 
Sizing data from two welds with canted flaws . Measurements were 
made at one-em intervals over the length of the welds and 
repeated three separate times. The sizing of the EMAT data came 
from the dashed line in Fig . 2. Subsequent metallography served 
to check the procedure. 
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two fitted curves, but the present data for canted slots show a possibly 
more complex structure than that of the normal slot data. For the canted 
slot calibration curve (Fig. 2), the first three sets of points appear to 
yield a high slope (indicating high sensitivity) between 0 and 2-mm depth; 
subsequently, the curve may flatten with a possible rise again near 10 mm. 
The scatter among the measurements at 11 em makes it difficult to fit a 
sizing curve at this depth. 
If the calibration curve is, indeed, flat in the 3- to 8-mm. region, 
this may help to explain why the agreement between EMAT and metallographic 
values is better in Fig. 4a than in Fig. 4b. The flat portion would appear 
to cross the dashed line at about the 5-mm depth (Fig. 4a), but would be 
under it at the 7-mm depth (Fig. 4b), so the fitted line would result in an 
overestimate, as seen here. 
With enough data from actual weld flaws, it will eventually be possi-
ble to determine the calibration curve shape more accurately and with 
greater confidence than can be placed in the data from the saw-cut slots 
used for calibration. Should this fine structure be valid for actual 
flaws, this method may become more valuable from the viewpoint of fracture 
mechanics; the flaws of interest in such a plate would generally be less 
than 4 mm deep, that is, where the curve shows greatest sensitivity. For 
deeper flaws, it is only necessary to know with some certainty that the 
critical size has been exceeded. 
CONCLUSIONS 
Even with casual placement, the EMATs yield very consistent results. 
This indicates an ease of measurement and a large degree of operator 
independence. 
Previous EMAT measurements of normal flaws indicated a very smooth 
relationship between our measured ratio and the flaw size as well as a high 
degree of accuracy in applying that calibration. The EMAT measurements of 
canted flaws indicate some unidentified problem in sizing flaws along some 
regions of the welds and, perhaps, the need for a more complicated calibra-
tion curve. 
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